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LEA (late embryogenesis abundant) proteins are intrinsically disordered proteins that contribute to
stress tolerance in plants and invertebrates. Here we show that, when both plant and animal LEA
proteins are co-expressed in mammalian cells with self-aggregating polyglutamine (polyQ) proteins,
they reduce aggregation in a time-dependent fashion, showing more protection at early time points.
A similar effect was also observed in vitro, where recombinant LEA proteins were able to slow the
rate of polyQ aggregation, but not abolish it altogether. Thus, LEA proteins act as kinetic stabilisers
of aggregating proteins, a novel function in protein homeostasis consistent with a proposed role as
molecular shields.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Work on water stress in plants and animals has highlighted a
role for the late embryogenesis abundant (LEA) proteins in toler-
ance to desiccation and cold stress [1,2]. The LEA proteins, origi-
nally termed LEA proteins due to their discovery in maturing
plant seeds, are also expressed in plant tissues, both in response
to stress and constitutively. Various invertebrates that undergo
anhydrobiosis, including nematodes, rotifers, tardigrades and brine
shrimps, are known to express LEA proteins. There are three main
LEA protein groups (i.e. groups 1, 2 and 3), each differentiated by
sequence motifs and peptide proﬁles, but sharing properties of
high hydrophilicity and lack of secondary structure: they are
intrinsically disordered proteins [3]. While plants express a large
diversity of members of all groups, with over 50 LEA proteins
known in Arabidopsis [4,5], for example, invertebrates contain onlychemical Societies. Published by E
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(Y. Zheng), +44 1223 334162
at10004@cam.ac.uk, at10004group 3, and in some cases group 1, proteins, and their LEA prote-
omes are of lower complexity.
Recent research has focused on the molecular functions of LEA
proteins, in particular the protection of proteins, membranes and
nucleic acids during water stress [1]. An animal group 3 LEA
protein, AavLEA1, from the anhydrobiotic nematode Aphelenchus
avenae, and a plant group 1 LEA protein, Em, from wheat, reduce
water stress-induced protein aggregation in vitro [6,7]. Other LEA
proteins have also been shown to reduce aggregation of target
proteins under stress conditions [8–11]. Strikingly, anti-aggrega-
tion activity has also been demonstrated for AavLEA1 under
hydrated conditions in cells, where the nematode protein is able
to reduce formation of aggregates in proteins containing extended
polyglutamine (polyQ) and polyalanine sequences [7].
This protein protection activity is reminiscent of that of molec-
ular chaperones involved in protein homeostasis (or proteostasis),
i.e. the facilitation and maintenance of correct protein folding and
assembly. However, there are signiﬁcant points of difference, since
LEA proteins are essentially unstructured and their genes are gen-
erally not upregulated in response to heat stress, in contrast to
those of many of the classical molecular chaperones, still often
known as ‘‘heat shock proteins’’. In addition, many chaperones
function by forming transient complexes with their target proteins,
often through hydrophobic interfaces. This is unlikely for LEA pro-
teins, which are entropic chains with very low hydrophobicity andlsevier B.V. All rights reserved.
Fig. 1. Confocal microscopy of T-REx293 cells co-expressing EGFP-HDQ74 and mCherry tagged LEA proteins. Images were captured 24 h after co-transfection of constructs
encoding EGFP-HDQ74 and (A) mCherry, (B) AavLEA1-mCherry, (C) Em-mCherry, and (D) PM2-mCherry. Nuclei are stained blue with DAPI (panels labelled i) EGFP-HDQ74 is
green (ii) and mCherry proteins are red (iii); a merged image is also shown (iv). Indicative EGFP-HDQ74 aggregates are shown by arrowheads. Scale bar: 20 lm.
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like ‘‘molecular shields’’, exerting an excluded volume effect that
decreases interaction between polypeptides with the potential to
aggregate. One implication of this hypothesis is that molecular
shield proteins will decrease the collision frequency between
aggregating species, but will not abolish such interactions entirely.
Therefore, over sufﬁcient time, protein aggregates will still form,
but at a reduced rate. We set out to test this idea here with LEA
proteins from plant and animal sources, and show that, both in liv-
ing cells and in the test tube, polyQ-dependent protein aggregation
is slowed but not abolished, consistent with a molecular shield
function.
2. Materials and methods
2.1. Constructs
EGFP-HDQ74. constructs have been described [7,12]. cDNA se-
quences of AavLEA1 [13], Em (Accession No. AAB71224) and PM2
[14] were cloned into the pmCherry vector (Clontech) using KpnI
and BamHI sites for AavLEA1 and PM2, and HindIII and BamHI sites
for Em. PolyQ sequences (Q23 or Q37) were obtained by PCR using
HDQ23/HDQ74 as the template, and products were cloned into thepGEX5a vector (Pharmacia Biotech) using the restriction sites Bam-
HI and EcoRI. All clones were validated by sequencing.
2.2. Mammalian cell aggregation assay
T-REx293 (Invitrogen) cells were grown, and transfected as
described [7] and analysed at the indicated time points post-
transfection. Approximately 200 EGFP-positive T-REx293 cells
co-expressing mCherry, AavLEA1-mCherry, Em-mCherry or
PM2-mCherry were counted for each sample in triplicate, and
each experiment was repeated at least twice. Images were ac-
quired with a Zeiss LSM510 META confocal microscope (63x,
1.4NA PlanApochromat objective; v3.2 software). Aggregate-
containing cells were scored as percentages and P values were
determined by logistic regression analysis (estimated odds ratio
and 95% conﬁdence intervals) using SPSS software (SPSS, Chi-
cago) as described [12].
2.3. Recombinant proteins
Expression and puriﬁcation of recombinant His-tagged versions
of AavLEA1 and PM2 were performed as described [14,15]. The Em
sequence was cloned into the pET28a+ vector (Novagen; at the
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Fig. 2. LEA proteins reduce aggregation of EGFP-HDQ74 in T-REx293 cells. (A–C) Logistic regression (odds ratio) analysis of, and (D–F) an indicative experiment showing
percentage of, T-REx293 cells with EGFP-HDQ74 aggregates co-expressing mCherry (black), AavLEA1-mCherry (dark grey), Em-mCherry (intermediate grey), or PM2-mCherry
(light grey) assessed (A and D) 24 h, (B and E) 48 h, or (C and F) 72 h post-transfection. In panels A–C error bars indicate 95% conﬁdence interval, and in panels D–F error bars
indicate standard deviation. ⁄⁄⁄P < 0.001. ⁄⁄P < 0.01, ⁄P < 0.05, ns: not signiﬁcant.
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pET28a+, polyQ23 or polyQ37/pGEX5a constructs were grown to
A600 0.5–0.6 and gene expression was induced with 1 mM isopro-
pyl-D-thiogalactoside (IPTG) for 4 h at 37 C. After harvesting, cells
were resuspended in 50 mM Tris–HCl (pH 7.4) and 1 mM phenyl-
methylsulfonyl ﬂuoride (glutathione transferase (GST) fusion
proteins only), and lysed by sonication at 4 C. Supernatant
containing His-tagged Em protein was applied to a chelating Se-
pharose Fast Flow afﬁnity column for puriﬁcation (GE Healthcare)
and the bound protein was washed and eluted with buffers con-
taining 40 and 500 mM imidazole, respectively. GST-tagged polyQ
proteins were puriﬁed with glutathione-Sepharose 4B (GE Health-
care). After applying GST-polyQ supernatants to the column, the
bound proteins were washed with phosphate-buffered saline
(PBS) (pH 7.4) and eluted with 50 mM Tris–HCl containing
10 mM reduced glutathione (pH 8.0). Before use, puriﬁed LEA pro-
teins and GST-polyQ proteins were dialyzed into 10 mM PBS (pH
7.4) or water, respectively.
2.4. Digestion of GST-fusion protein by trypsin
The GST tag was removed by digestion with trypsin (1:200,
mass ratio; Sigma) in the presence of 40 mM NH4HCO3 for 12 h
and the reaction stopped by incubation at 100 C for 5 min. Di-
gested samples were lyophilized and dissolved in a 1:1 mixture
(v/v) of triﬂuoracetic acid (TFA) and 1,1,1,3,3,3-hexaﬂuoro-2-pro-
panol (HFIP) (Sigma) overnight. After drying under N2 gas, the sam-
ples were redissolved in 1‰ TFA to a concentration of 200 lM and
stored at 80 C for later use.
2.5. Thioﬂavin T (ThT) assay
Stock solution (20 lM) of polyQ23 or polyQ37 was added to
10 mM PBS buffer (pH 7.4) containing 20 lM ThT (Sigma) with
or without 100 lM LEA proteins or lysozyme (Sigma) in 96-well
plates and incubated at 37 C. The ThT ﬂuorescence intensity of
each sample was recorded using a microplate reader (Fluoroskan
Ascent FL, Thermo Scientiﬁc) with 444/485 nm excitation/emissionﬁlters. The assay was performed in triplicate (and repeated at least
twice) and the standard deviation is shown; statistical relevance
was determined by one-way Anova and Tukey post test using In-
Stat3 (GraphPad Software).
3. Results
3.1. Both plant and animal LEA proteins possess anti-aggregation
properties in vivo
We have previously shown that when a stable mammalian cell
line was induced to express the nematode group 3 LEA protein,
AavLEA1, the proportion of transfected cells with aggregates of
transiently co-expressed EGFP-HDQ74 (EGFP-tagged huntingtin
exon 1 protein with 74 polyQ residues) was signiﬁcantly reduced
[7]. To allow more rapid screening of several different LEA proteins
for anti-aggregation activity, we developed an assay based on tran-
sient expression where AavLEA1 was tagged at its C-terminus with
the ﬂuorescent protein mCherry to allow visualisation in the con-
focal microscope. When AavLEA1-mCherry was co-expressed tran-
siently for 24 h with EGFP-HDQ74, there was a decrease in the
proportion of cells with EGFP-HDQ74 aggregates compared to cells
co-expressing mCherry alone and EGFP-HDQ74 (Fig. 1A and B;
Fig. 2D). To evaluate the statistical signiﬁcance between the two
samples over multiple independent experiments, the odds ratio
was calculated, conﬁrming a reduction in aggregate formation with
P < 0.001 (Fig. 2A). Therefore, AavLEA1 exhibits protein anti-aggre-
gation activity when expressed either from a stably integrated
transgene or from a transiently transfected construct as a fusion
protein.
To test whether in vivo anti-aggregation activity could be found
in other LEA proteins, we selected two examples from soya bean
(Glycine max): PM2, from group 3, and Em, from group 1. Fusion
proteins with mCherry for both Em and PM2 were constructed
and transiently expressed in T-REx293 cells for 24 h. The expres-
sion pattern of Em-mCherry (Fig. 1C iii) was very similar to that
of mCherry alone (Fig. 1A iii) in that it partitioned between the
nucleus and the cytoplasm, while PM2-mCherry showed an
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the soya bean fusion proteins were individually co-expressed with
EGFP-HDQ74 for 24 h, they were both found to decrease the pro-
portion of cells with aggregates compared to the mCherry control
(Fig. 1C and D; Fig. 2A and D), showing that plant LEA proteins also
have anti-aggregation activity in living cells.
3.2. LEA protein anti-aggregation activity in cells is time dependent
To gain further insight into the mechanism of anti-aggregation
activity, we tested whether the ability of LEA proteins to reduce
aggregate formation remains constant over time. The mCherry
fusion proteins for AavLEA1, Em and PM2 were co-expressed indi-
vidually with EGFP-HDQ74 in T-REx293 cells for up to 72 h. At time
points up to 48 h, all three LEA proteins showed a signiﬁcant
reduction in EGFP-HDQ74 aggregation compared to the mCherry
control (Fig. 2B and E). However, the trend showed an apparent
diminution of LEA protein anti-aggregation activity over time such
that, by 72 h, neither group 3 LEA protein, AavLEA1 or PM2, was
able to reduce the aggregation of EGFP-HDQ74 signiﬁcantly. The
group 1 LEA protein, Em, did still show a signiﬁcant reduction in
EGFP-HDQ74 aggregation at 72 h, but even in this case there was
an overall increase in the percentage of cells with aggregates
compared to earlier time points (Fig. 2C and F).
3.3. LEA proteins reduce the rate of polyQ aggregation in vitro
The above results are consistent with an effect of LEA proteins
on the rate of polyQ-dependent protein aggregation in cells, but
could be due to other factors such as an imbalance in expression
levels of the LEA protein(s) and the aggregating species. Therefore,
to investigate the anti-aggregation effect in isolation, we set up an
in vitro assay using recombinant LEA proteins and recombinant
polyQ. Both GST-Q37 and GST-Q23 were produced, the latter as a
non-aggregating control since the number of glutamine residues
falls below the threshold for aggregate formation. To detect polyQ
aggregates, the benzothiazole dye ThT was used, since it binds to
beta sheets in amyloid ﬁbrils and consequently undergoes a blue
shift in its emission spectrum [16]. The ThT ﬂuorescence assay is
used to study the kinetics and quantify the formation and inhibi-
tion of amyloid aggregates, including those formed by polyQ. Here
we performed a time course using 20 lM polyQ23 or polyQ37
incubated at 37 C. With polyQ23, no time-dependent increase in
ThT ﬂuorescence was observed over a period of 20 h, as expected.
With polyQ37, on the other hand, an increase in ThT ﬂuorescence
could be seen within 1 h, reﬂecting the formation of polyQ aggre-
gates, and there was a further gradual increase in ﬂuorescence
up to 5 h after which a plateau was reached (Fig. 3).To test the effect of LEA proteins on polyQ aggregation, recom-
binant Em and AavLEA1 were incubated individually with polyQ37
at a 5:1 molar ratio. PM2 could not be used for this assay since it
showed a high intrinsic ﬂuorescence that interfered with the ThT
signal. AavLEA1 or Em alone showed little ﬂuorescence in the pres-
ence of ThT (data not shown). Lysozyme served as a negative con-
trol since its presence did not hinder polyQ37 aggregate formation.
Both LEA proteins tested resulted in a signiﬁcant reduction in
polyQ37 aggregation that lasted for several hours. For Em, this dif-
ference persisted up to 8 h, but during this period ThT ﬂuorescence
intensity gradually increased until it was indistinguishable from
that of the sample containing polyQ37 alone. A similar observation
was made for AavLEA1 (Fig. 3). The in vitro experiments therefore
corroborate those performed in vivo and show that LEA proteins
reduce the rate of polyQ aggregation, but do not abolish it entirely.
4. Discussion
The rate of aggregation of protein species depends on the fre-
quency of collisions and the probability of cohesion during colli-
sion [17]. Further events that are necessary for experimental
detection of the aggregate may follow cohesion: for a polyQ pro-
tein, these include accretion to a microscopically visible size and
conformational changes to ﬁbrillar forms detectable by amyloido-
tropic dyes such as ThT. Our data suggest that the LEA proteins
tested affect the kinetics of aggregation but do not ultimately pre-
vent it. In a physiological context this would be of value to the cell,
for example when an environmental stress is imposed that leads to
large-scale protein unfolding and the inherent risk of inactivation
and aggregation: LEA proteins could delay such effects and ‘‘buy
time’’ for molecular chaperones to repair the damage. Furthermore,
LEA proteins are frequently called into service under conditions of
low water activity, i.e. when cells freeze or desiccate [1,2]. In these
situations, while there is a period of water stress that will ad-
versely affect protein structural integrity when LEA protein func-
tion could be vital, eventually the solid state will be reached and
aggregation will cease. A kinetic stabilisation function of LEA pro-
teins could therefore contribute to protein homeostasis.
As an explanation of the ability of some LEA proteins to reduce
protein aggregation, we have previously introduced the molecular
shield hypothesis [6,18]. In its simplest manifestation, this states
that shield proteins use physical interference to reduce the fre-
quency of cohesive interactions between aggregating species. A
corollary of this is that aggregation will still occur, but at a lower
rate than in the absence of the molecular shield. This is what the
experiments reported here reveal and, moreover, the number of
aggregates observed at late time points are comparable, whether
the LEA protein is present or not. This suggests that, although there
634 Y. Liu et al. / FEBS Letters 585 (2011) 630–634is a delay in aggregation, the size of the pool of aggregating species
is not altered, as it might be by, for example, a holding chaperone
such as a small heat shock protein, which sequesters client pro-
teins through complex formation [19]. However, molecular shield
function cannot be purely a case of interference with protein-pro-
tein interaction because control proteins, such as lysozyme used
here in vitro, do not reduce polyQ protein aggregation rates. Re-
cently, we have shown that a highly basic, hydrophilic nuclear pro-
tein called anhydrin, although not an LEA protein, is able to reduce
protein aggregation in vitro and in vivo like a molecular shield.
Interestingly, although anhydrin does not form strong complexes
with its target proteins, as judged by its failure to co-immunopre-
cipitate, it does interact loosely: a degree of Förster resonance en-
ergy transfer can be demonstrated between ﬂuorescently-tagged
versions of anhydrin and target protein [12]. It will be intriguing,
therefore, to investigate whether these are general characteristics
of a molecular shield and whether LEA proteins behave similarly
to anhydrin, particularly if the interaction with target proteins re-
sults in increased folding of LEA proteins, as observed in some
examples that bind to phospholipid bilayers [20].
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